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[57] ABSTRACT 
A power converter for supplying an AC load with a 
sum of an output voltage of multiplexed PWM inverters 
each having an output transformer, and an output volt 
age from a direct-connection PWM inverter having no 
output transformer. One or a plurality of PWM invert 
ers constituting the multiplexed PWM inverters com 
prise a circuit for controlling primary or exciting cur 
rents of corresponding output transformers connected 
thereto, and the direct-connection PWM inverter com 
prises a circuit for controlling a current to be supplied 
to the AC load. 

4,717,998 1/1988 Cheron et al. ...................... .. 363/71 9 Claims, 15 Drawing Sheets 
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VARIABLE-VOLTAGE & VARIABLE-FREQUENCY 
POWER CONVERTER 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a variable-voltage 

and variable-frequency electric power converter for a 
load such as a motor, and a method of controlling the 
same. 

2. Description of the Related Art > 
A conventional power converter comprises a DC 

smoothing capacitor serving as a DC voltage source, a 
?rst inverter, a second inverter, an output transformer, 
a load device, a load current detector, a comparator, a 
current control/compensation circuit, a proportional 
ampli?er, pulse-width modulation (PWM) controllers, 
etc. 1 

The ?rst and second inverters are PWM control in 
verters for converting a DC voltage into a variable 
voltage and variable-frequency AC voltage. The ?rst 
inverter generates output voltage VL1 through the out 
put transformer. The second inverter directly generates 
output voltage VLZ. The load device is applied with a 
voltage of VL=VL1+ VLZ. Voltage V1_ is adjusted to 
control load current IL. 
When output frequency f() is zero, since no voltage 

V“ can be generated from the output transformer, the 
second inverter controls load current IL, and when 
frequency f0 is increased to a certain level, the ?rst 
inverter controls load current IL in turn. 
FIGS. 17 and 18 show load terminal voltage VL and 

input signals V1‘ and V2* of the PWM controllers of 
the ?rst and second inverters as a function of output 
frequency f0 in the conventional power converter. 
When load current IL is assumed to be constant, load 

terminal voltage V L is expressed by output frequency f0 
as follows: 

VC: counter electromotive force of load (for motor) 
RL: resistance of load 
LL: inductance of load 

A broken line in FIG. 17 indicates a voltage drop 
caused by resistance RL of the load. 
A broken line in FIG. 18 indicates input signal V1‘ of 

the PWM controller of the ?rst inverter. V1*=O is 
establishedfor foéfmin, and V1‘ is proportional to f() in 
a region of f0>f,,,,-,,. A solid line in FIG. 18 indicates 
input signal V2‘ of the PWM controller of the second 
inverter. Signal V2‘ is controlled to output voltage VL 
given by equation (1) for f0<fmim and V2*=IL "‘-RL= 
constant in a region of f0>fm,~,,. 

In this manner, in the conventional power converter, 
the second inverter need only generate required voltage 
V L up to minimum frequency f,,,,-,, at which the output 
transformer can be operated, and can have a smaller 
capacity than the ?rst inverter. Since the ?rst inverter 
generates voltage VL1 through output transformer, se 
rial or parallel multiplexed operations of this inverter 
can be easily performed, and its capacity can be easily 
increased. Therefore, the converter is convenient for 
one for driving a large-capacity AC motor. 
According to the above conventional power con 

verter, when output frequency f0 becomes high and load 
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2 
current IL is to be controlled by the ?rst inverter, the 
following problems are posed. 

In general, secondary voltage VL1 of the output trans 
former is proportional to output voltage V1 of the ?rst 
inverter. However, when a DC component is included 
in load current IL due to, e.g., drift of the current detec 
tor the output transformer gradually suffers from DC 
polarized magnetization, and soon, its iron core is mag 
netically saturated to one side. As a result, secondary 
voltage VL1 of the output transformer is decreased, and 
load current I L is decreased to be lower than instruction 
value I1}. Then, the inverter operates to increase volt 
age V1 and further saturate the iron core. Therefore, 
primary current I1 of the output transformer is abruptly 
increased, and may become an overcurrent to destroy 
elements of the ?rst inverter. In order to prevent polar 
ized magnetization of the output transformer, the sec 
tional area of the iron core may be increased and an air 
gap is provided. In this case, the weight and dimensions 
of the output transformer are increased, resulting in an 
uneconomical system. 

[SUMMARY OF THE INVENTION 
The present invention has been made in consideration 

of the above situation, and has as its object to provide a 
power converter which can correct polarized magneti 
zation of an output transformer, and can accurately 
control a load current, and a method of controlling the 
same. 

In order to achieve the above object, according to the 
present invention, there is provided a power converter 
which supplies an AC load with a sum of an output 
voltage from a ?rst PWM inverter having an output 
transformer, and an output voltage from a second PWM 
inverter having no output transformer, wherein the ?rst 
PWM inverter comprises a means for controlling a 
primary current or an exciting current of the output 
transformer connected to the ?rst PWM inverter, and a 
means for controlling a current supplied to the AC load. 
The second PWM inverter controls a current to be 

supplied to the load regardless of output frequency f(;. 
The ?rst PWM inverter can be constituted by one or 

a plurality of PWM inverters. Each inverter controls a 
primary current or an exciting current of a correspond 
ing output transformer. An instruction value of the 
primary current of the transformer is given by a sum of 
an instruction value of the load current control, and an 
instruction value of the exciting current of the trans 
former. When the instruction value of the exciting cur 
rent is given to have an almost constant effective value, 
the output voltage of each output transformer is in 
creased/decreased almost in proportion to the output 
frequency. A sum of the output voltages of the trans 
formers and the output voltage of the second PWM 
inverter is applied to the AC load, and the output volt 
age of the second PWM inverter is adjusted to control 
the load current. As a result, the ?rst PWM inverter 
bears a voltage proportional to the output frequency, 
i.e., a voltage drop caused by a counter electromotive 
force (velocity electromotive force) and an inductance, 
and the second PWM inverter bears the remaining nec 
essary voltage, i.e., a voltage drop caused by a resis 
tance of the load and a transient voltage upon load 
current control. The capacity of the second PWM in 
verter can be considerably smaller than that of the ?rst 
PWM inverter. 
When the exciting current of each output transformer 

is controlled to be almost constant, the output voltage 
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of the transformer is increased/decreased in propor 
tional to the output frequency, and an iron core is never 
saturated even if the frequency is lowered. Even when 
a DC component is included in an output voltage due to 
a variation of switching characteristics of self extinction 
elements constituting the ?rst PWM inverter, and this 
causes DC polarized magnetization of the output trans 
formers, since the exciting current of each transformer 
is controlled by the inverter, the DC voltage compo 
nent can be automatically compensated for, and the 
transformers can always be operated in a state free from 
polarized magnetization. Therefore, the primary cur 
rent of each transformer can be prevented from being 
increased too much, and elements can also be prevented 
from being destroyed by polarized magnetization of the 
transformers. 

Additional objects and advantages of the invention 
will be set forth in the description which follows, and in 
part will be obvious from the description, or may be 
learned by practice of the invention. The objects and 
advantages of the invention may be realized and ob 
tained by means of the instrumentalities and combina 
tions particularly pointed out in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorpo 
rated in and constitute a part of the speci?cation, illus 
trate presently preferred embodiments of the invention, 
and together with the general description given above 
and the detailed description of the preferred embodi 
ments given below, serve to explain the principles of the 
invention. 
FIG. 1 is a circuit diagram showing an embodiment 

of a power converter according to the present inven 
tion; 
FIGS. 2A to 2D are timing charts for explaining a 

PWM control operation of the converter shown in 
FIG. 1; 
FIG. 3 is a vector chart for explaining the operation 

of the converter shown in FIG. 1; 
FIGS. 4 and 5 are graphs showing frequency-voltage 

characteristics for explaining the operation of the con 
verter shown in FIG. 1; 
FIG. 6 is a circuit diagram showing another embodi 

ment of a power converter according to the present 
invention; 
FIG. 7 is a circuit diagram showing still another 

embodiment of a power converter according to the 
present invention; 
FIG. 8 is a circuit diagram of a controller for the 

converter shown in FIG. 7; 
FIGS. 9 and 11 are partial circuit diagrams of the 

converter shown in FIG. 7; 
FIGS. IDA-10D and FIGS. 12A-12B are timing 

charts for explaining the operation of the converter 
shown in FIG. 7; 
FIG. 13 is a circuit diagram-showing another ar 

rangement of the controller for the converter shown in 
FIG. 7; 
FIGS. 14A-14N are timing charts for explaining the 

operation of the controller shown in FIG. 13; 
FIGS. 15A-15C are views showing computer simula 

tion results which demonstrate the effect of the control 
method of the present invention; 
FIGS. 16A-l6l-I are timing charts for explaining a 

control method of the present invention; and 
FIGS. 17 and 18 are graphs for explaining an opera 

tion of the converter shown in FIG. 8. 

5 

15 

25 

35 

40 

45 

55 

65 

4 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIG. 1 is a circuit diagram showing an embodiment 
of a power converter according to the present inven 
tion. 

In FIG. 1, reference symbol Cd denotes a DC 
smoothing capacitor serving as a DC voltage source; 
INV-l, a ?rst PWM inverter; INV-2, a second PWM 
inverter; and LOAD, a AC load. 

First PWM inverter INV-l is a so-called voltage type 
PWM inverter, and comprises self-extinction elements 
(e.g., gate turn-off thyristors, and the like) S11 to S14, 
and diodes D1; to D14. 

Second PWM inverter INV-2 is also a voltage type 
PWM inverter, and comprises self-extinction elements 
S21 to S24 and diodes D21 to D24. 
AC load LOAD includes inductance LL, resistance 

R[,, and counter electromotive force Vc. 
As a controller, current detectors CT; and CT/_, cal 

culation circuit CAL, comparators C1 and C3, current 
control/compensation circuits 60(5) and G L(S), adder 
AD, and PWM controllers PWM1 and PWM; are in 
cluded. 
The PWM control operation of ?rst PWM inverter 

INV-l will be briefly described below. 
FIGS. 2A to 2D are timing charts for explaining the 

PWM control operation of the converter shown in 
FIG. 1. In FIG. 2A, reference symbols X and Y denote 
PWM control carrier signals, and Y is an inverted value 
of X (in other words, having a 180° phase difference). 
V1* denotes an input signal of PWM controller PWM1 
of ?rst PWM inverter INV-l. Upon comparison be 
tween VI‘‘ and carrier signals X and Y, gate signals gu 
and g2; for elements S11 to S14 constituting ?rst inverter 
INV-l are generated. More speci?cally, 

When Vl'iX. g11="l", and S1}: ON. $13: OFF 

When V1'<X. gH=“O“. and $11: OFF, 513: ON 

When V1‘; Y. g13=“l", and SB: OFF. 514: ON 

When the voltage of smoothing capacitor Cd is given 
by Vd, output voltage V1 of ?rst inverter INV-l is given 
by: 

V1: + Vd when S11 and S14 are ON 

V1: —- Vd when S1; and S13 are ON 

V1 =0 in other modes 

More speci?cally, when the phases of carrier signal X 
for determining a ?ring signal of elements S11 and S12, 
and carrier signal Y for determining a ?ring signal of 
elements S13 and S14 are shifted by 180', output voltage 
V,‘ of ?rst PWM inverter INV-l has a waveform con 
trolled by a frequency twice a switching frequency of 
the elements. Average value V1 (indicated by broken 
lines) of the waveform of V1 is proportional to input 
signal V1‘ of PWMX. 
The PWM control operation of second PWM in 

verter INV-2 is similarly executed. 
A load current control operation will be described 

below. 
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Load current I; is controlled by second PWM in 
verter INV-Z. 

First, current IL supplied to load LOAD is detected 
by current detector CTL, and the detected current is 
input to comparator C2. Comparator C2 compares load 
current instruction value IL‘ with detected value IL, 
and supplies its deviation eL=IL*—IL to the next cur 
rent control/compensation circuit G [,(S). Circuit G L(S) 
ampli?es deviation 6L, and supplies V1": GL(S)-eL to 
PWM controller PWM; of the second inverter. Second 
inverter INV-Z generates voltage VLZ proportional to 
input voltage V2‘ of the PWM controller. 
When IL‘ >IL, deviation 61, becomes a positive. value, 

and increases input signal V2‘ of PWMZ. Thus, control 
is made so that output voltage VLZ of second inverter 
INV-2 is increased and load current IL is increased to 
establish ILzIL‘. Contrary to this, when IL‘ < I L, devi 
ation 6L becomes a negative value, and decreases output 
voltage VLZ of second inverter INV-Z and load current 
I L. In this case, control is balanced when IL: I L‘. When 
load current instruction value IL‘ is sinusoidally 
changed, actual load current IL is sinusoidally con 
trolled to follow the change. When output frequency f0 
is zero, load current control can be performed without 
any problem. 
The control operation of ?rst PWM inverter INV-l 

will be described below. 
First PWM inverter INV-l generates voltage Vu 

almost proportional to output frequency f0 through 
output transformer TR. Inverter INV-l is basically not 
related to load current control. First PWM inverter 
INV-l controls exciting current I01 of output trans 
former TR. 

Voltage V], applied to load LOAD is expressed by: 

(2) 1 FL V1.1 + VLZ 

ll 

p: differential operator 
When load current IL is sinusoidally controlled as 

follow: 

I L,,,: current peak value 
¢:)()=27Tf0 

equation (2) is rewritten as: 

VL= Vc+RL~1L +jwoI-L-1L (4) 

and, coincides with equation (I). 
First PWM converter INV-l generates a component 

proportional'to output frequency f0 in equation (4), and 
given by: 

V1.1 = Vc+iwoLLIL (5) 

where Va is the counter electromotive force of an AC 
motor, and isproportional to a rotational speed of the 
motor, i.e., output frequency f0 of the inverter. 

In order to cause ?rst PWM inverter INV-l to gener 
ate voltage VLl given by equation (5), an instruction 
value given by the following equation is input to PWM 
controller PWM1 through adder AD: 
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6 
When the ratio of the numbers of turns of the primary 
winding to secondary winding of output transformer 
TR is 1:1, output voltage V1 of ?rst PWM inverter 
INV-l is directly output from output transformer TR as 
VL1 in a normal operation mode, and becomes a voltage 
complementary to a sum of counter electromotive force 
Vc of the motor and voltage drop jwOLLIL by induc 
tance LL. As a result, second PWM inverter INV-Z 
need only generate output voltage VLZ corresponding 
to voltage drop IL-RL caused by resistance RL, and load 
current IL can also be easily controlled. 
However, when output transformer TR suffers from 

DC polarized magnetization, an iron core may be satu 
rated, and an exciting current of transformer TR may 
become too high. In order to prevent this, the ?rst 
PWM inverter controls exciting current I01. The con 
trol operation of the exiting current will be described 
below. 

Primary current I1 and secondary current (load cur 
rent) I[_ are respectively detected by current detectors 
CT] and CTL, and a difference between the two cur 
rents is calculated to obtain exciting current I01 of the 
transformer. That is, 

In this case, the ratio of the numbers of turns of the 
primary and secondary windings of transformer TR is 
assumed to be 1. 
On the other hand, exciting current instruction value 

101* is obtained by the following calculation by calcula 
tion circuit CAL using the above-mentioned output 
voltage instruction value V14“. 

where M is the exciting inductance of the transformer. 
In a synchronous motor load, when load current IL is 

sinusoidally controlled to be in phase with counter elec 
tromotive force Vc, V(:* and II_* are respectively given 
by: 

VG‘: Vcm"-Sin (not (9) 

IL'=ILm‘-sin (not (10) 

VC,,,*: voltage peak instruction value 
I[,,,,*: current peak instruction value 
Thus, exciting current instruction value 101* given by 

equation (8) is expressed by: 

(11) 

(00M 101' — 

FIG. 3 is a vector chart of these values. More speci? 
cally, vector VLF‘ of the secondary voltage of output 
transformer TR is equal to a sum of counter electromo 
tive force vector Vc* and vectorjwoLLlL“ ofa voltage 
drop caused by inductance LL of the load, and hence, 
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exciting current I01‘ is necessary for generating second 
ary voltage VLl'. 
Comparator C1 compares exciting current instruction 

value I01‘ with detection value I, and deviation 
e01=Io1‘—IQ| therebetween is ampli?ed by the next 
current control/compensation circuit GQ(S). The out 
put signal of GQ(S) is added to output voltage instruc 
tion value Vu‘ by adder AD, and 
V1'= VL|'+G0(S)-¢m is input to PWM controller 
PWM1 of ?rst PWM inverter INV-l. 
When I01‘>I01, deviation e01 becomes a positive 

value, and is ampli?ed by G0(S), thus increasing input 
signal V1‘ of PWM1. Therefore, output voltage V1 of 
the ?rst inverter is increased, and exciting voltage of the 
transformer is increased. In this case, although second 
ary voltage VL1 of output transformer TR is also 
slightly increased, output voltage VLZ of second in 
verter INV-Z which performs load current control is 
decreased by a value corresponding to an increase in 
VL1, and voltage VL= V1.1+ VLZ to be applied to load 
LOAD is left unchanged. Therefore, control is bal 
anced to yield lolzlm‘. 

In contrast to this, when Io1‘<I01, deviation e01 
becomes a negative value, and decreases output voltage 
V1 of ?rst inverter INV-l and exciting current I01 of 
transformer TR. ‘Thus, control is balanced when I01. 
: I01‘. In this case, load current IL is also controlled by 
second inverter INV-2 to satisfy lLzlL". 
When exciting current instruction value I01‘ is sinu 

soidally changed, as expressed by equation (ll), actual 
exciting current I01 is sinusoidally controlled to follow 
it. 

In equation (ll), since peak value V(;,,,‘ of the 
counter electromotive force is proportional to output 
frequency am, when peak value I]_,,," of the load current 
is constant, the peak value of exciting current I01‘ be 
comes constant regardless of output frequency f(). 

In the vector chart of FIG. 3, when load current 
instruction value If is increased, inductance drop 
jmoLLlL‘ of the load is increased accordingly, and sec 
ondary voltage Vu“ of output transformer TR is also 
increased. As a result, the magnitude of exciting current 
vector I01‘ is also increased. 
FIG. 4 shows the relationship between output fre 

quency f0 and the magnitude of load terminal voltage 
VL. First PWM inverter INV-l bears component 
Vc+jw0LLIL proportional to output frequency f0, and 
second PWM inverter INV-2 bears voltage drop IL-RL 
by the resistance. _ 
FIG. 5 shows the relationship between secondary 

voltage VL1 of output transformer TR of ?rst PWM 
inverter INV-l and output frequency f0. When exciting 
current IQ; of the transformer is assumed to be constant, 
the magnitude of secondary voltage Vu is proportional 
to output frequency f0. When excitation current I01 is 
decreased like I'm, the magnitude of Vu is also de 
creased as indicated by a broken .line. 
A case will be considered below wherein a DC com 

ponent is superposed on load current IL due to, e.g., 
drift of current detector CT[_ in the converter shown in 
FIG. 1, and output transformer TR suffers from DC 
polarized magnetization. Due to the DC polarized mag 
netization, the iron core of transformer TR is saturated 
to one side. For this reason, mutual inductance M of 
transformer TR is decreased, and causes exciting cur 
rent lg] to increase. However, in the converter of the 
present invention, since ?rst PWM inverter INV-l con 
trols exciting current I01 of transformer TR to coincide 
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8 
with instruction value I01", output voltage V1 of ?rst 
inverter INV-l is automatically decreased, and_an in 
crease in exciting current 101 is prevented. As a result, 
primary current 11 of transformer TR, i.e., the output 
current of inverter INV-l is no longer increased. As a 
result, elements can be prevented from being destroyed 
by an overcurrent caused by polarized magnetization as 
a conventional problem. _ 

FIG. 6 is a circuit diagram showing another embodi 
ment of a power converter according to the present 
invention. A difference from the converter shown in 
FIG. 1 will be described below. 
More speci?cally, two stages of inverters INV-ll and 

INV-12 having output transformers are stacked and 
multiplexed, and direct-connection inverter (having no 
output transformer) INV-Za bridge-connects three phaa 
ses. Neutral point N of a load is connected to an inter 
mediate tap of DC voltage V4. 

In this manner, the number of multiplexed stages of 
inverters having output transformers can be increased 
to increase an output capacity of the power converter. 
Since neutral point N of the load is connected to the 
intermediate tap of DC voltage Vd, an electrical power 
can be supplied to a three-phase, four-line type load. 

In the converter shown in FIG. 7, load current IL can 
be controlled by direct-connection inverter INV-Z, and 
exciting currents of ‘corresponding output transformers 
TRU1 and TRUZ can be respectively controlled by in 
verters INV-ll and INV-12 with the output transform 
ers. Thus, the same effect as in the converter shown in 
FIG. 1 can be provided. 
According to the power converter of the present 

invention, even when DC polarized magnetization oc 
curs in an output transformer, the primary current (out 
put current of the ?rst PWM inverter) of the trans 
former is prevented from being increased, and elements 
can be prevented from being destroyed by an overcur 
rent. 
FIG. 7 is a circuit diagram showing still another 

embodiment of a power converter according to the 
present invention, and FIG. 8 is a circuit diagram show 
ing an embodiment of a controller of the converter 
shown in FIG. 7. 

In FIG. 7, reference symbol Vd denotes a DC voltage 
source; INV-l to [NV-4, multiplexed PWM inverters; 
INV-S, a direct-connection PWM inverter; TR1 to T R4, 
output transformers; and LOAD, an AC load (U phase). 
FIG. 7 illustrates a circuit corresponding to only one 
output phase of the converter. However, circuits corre 
sponding to V and W phases have the same arrange 
ments. 

In FIG. 8, reference numerals A1 to A6 denote ad 
ders; C1 to C5, comparators; G1 to G4 and GL, current 
control/compensation circuits; KN, an operational am~ 
pli?er; PWM1 to PWM5, PWM controllers; and TRG, 
a carrier (triangular wave) generator. Note that CT1 to 
CT5 in FIG. 7 designate current detectors. 
FIG. 9 shows a detailed arrangement of PWM in 

verter INV»1 shown in FIG. 7. Inverter INV-l com 
prises self-extinction elements S11 to S14 and free-wheel 
ing diodes D11 to D14. 
FIGS. 10A to 10D are timing charts for explaining 

the PWM control operation of the inverters shown in 
FIG. 9. 

Reference numerals X1 and Y1 denote PWM control 
carrier signals. Y1 has an inverted value (or a signal 
having a phase difference of 180'’) of X1. Control input 












